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ABSTRACT
The performance of a landfill clay liner is generally evaluated using the hydraulic conductivity values obtained from
laboratory tests during the design stage. Laboratory tests for the determination of hydraulic conductivity are frequently
carried out either using water as the permeating liquid or some times using a chemical permeant to represent leachate.
However, any investigations incorporating time as a variable in analysing the effects of leachate on various other soil
properties that can influence the hydraulic conductivity are very limited.  This study is aimed at investigating the effects
of landfill leachate on the performance of a compacted basaltic clay soil, over a period of time. For this purpose, a
typical Melbourne basaltic clay with varying percentages of montmorillonite clay was selected and a synthetic leachate
was developed based on the composition of typical municipal waste landfill leachate reported in the literature. The clay
- leachate interactions were allowed take place under controlled anaerobic laboratory conditions. Samples were then
tested at different time periods to identify possible variations of engineering properties such as volume change,
consistency and grain size distribution due to the effect of leachate over time, since variation of these soil properties can
affect the hydraulic conductivity of a clay soil. The analysis of test results suggests that the behaviour of a basaltic clay
liner could be significantly affected by clay leachate interactions over time, due to possible alterations to physical and
mineralogical properties of the clay. 
1 INTRODUCTION
The design and maintenance of landfills for waste disposal has received great attention over the last few decades due to
increasing interest and attention paid to environment protection issues, such as ground and ground water protection.
Over the years, the landfill liner construction has developed with the innovation of new practices such as the addition of
engineered clays, synthetic lining material and designing of more sophisticated leachate collection systems etc. The
main objective of such practices is to enhance the landfill liner performances as a hydraulic barrier and to minimise or
prevent the migration of landfill leachate into surrounding hydro-geological system. 
Clay is considered as a suitable liner material due to its potential to form a hydraulic barrier (eg. Fourie & Brown, 1998;
Rowe, 1997; Bouazza & Van Impe, 1998; Giardino & Guglielmetti, 1998; Anderson, 1982; Benson et al, 1994; Parker
et al, 1993). The low hydraulic conductivities of clays and the higher cation exchange capacities owing to large specific
surface areas enhances the suitability of clay as a liner material (Manning et al, 1995; Rahman & Kodikara, 1997;
Peters, 1993). Out of the major clay mineral groups, the smectite family of clays is generally considered as more
suitable as a liner material (e.g. Manning et al, 1995; Batchelder et al, 1998; Giardino & Guglielmetti, 1998).  As a
common practice, commercially available clays such as ‘Bentonites’, which are predominantly composed of smectites,
in the form of Na or Ca montmorillonite as the dominant clay mineral constituent, are used in combination with locally
available soil, to enhance the sealing properties of the liner.
The smectite family of clay minerals is the most reactive clay mineral group due to its higher ion exchange capacity
resulting from the comparatively larger specific surfaces and double layer structure. The montmorillonite clay mineral
can therefore create a double layer effect (electrically held water due to net negative charges on the clay particle)
increasing its plasticity and cohesion properties and decreasing the hydraulic conductivity (Lambe & Whitman 1979;
Terzaghi & Peck 1967). These are the major reasons for the montmorillonite clay group to be considered as a preferred
liner material. However, the same properties of montmorillonite minerals influence the other important engineering
properties such as shrink-swell properties and suction behaviour. 
Once a clay liner is in service, it is expected that the liner would retain its original physical, chemical, structural and
mineralogical stability. However, the reactions of the montmorillonite clay mineral with leachate could transform the
montmorillonite mineral to other types of less reactive minerals and as a result influence the original physical properties
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of the clay mineral. During this process, the clay liner could loose many of the original properties reducing the ability to
perform as expected in the design stage (Manning et al. 1995; Batchelder et al. 1998).
A considerable number of studies have been carried out to investigate the clay-leachate interactions and their possible
effects on clay mineralogy and some engineering properties (e.g. Manning et al. 1995; Campbell et al. 1983; Batchelder
et al. 1998; Warith & Yong, 1991; Sai & Anderson, 1991; Belevi & Baccini, 1989; Munro et al. 1997; Peters 1993).
However, the investigations on long-term effects of leachate on engineering properties such as shrink-swell
characteristics, grain size distribution and plasticity index are very limited. Any significant effect on these properties
can alter the structural stability of the clay liner, which could influence the effective performance of the liner over time.
This paper presents some of the results of a continuing study on the long-term effects of leachate on some engineering
properties such as shrink-swell characteristics, grain size distribution, consistency limits, compressibility characteristics
and shear strength properties of a basaltic clay with different percentages of montmorillonite clay. 
2 MATERIALS AND METHOD
2.1 SOIL
The type of clay selected for this study is a typical Melbourne Basaltic Clay. It is known that this basaltic formation is
of newer volcanic origin. The significance of this basaltic formation is inevitable since it blankets almost 15,000 square
kilometres of Victoria, covering a large part of the western and northern Melbourne Metropolitan area, extending out to
a considerable part of the south – west of Victoria (Flintoff, 1992; Dahlhaus & O’Rourke, 1992).  There are several
landfills in Victoria, sitting on abandoned quarries of basalts (Cunnigham, 1998), while the basaltic clay soil is
occasionally used for landfill liner constructions around Melbourne. 
The Melbourne Basaltic clay is known as having montmorillonite clay mineral as the major constituent (Dahlhaus &
O’Rourke, 1992).  The X-Ray diffraction tests carried out in this study on representative clay samples confirmed that
more than 70% of the clay minerals are of montmorillonite type.
The soil used in this study was collected from a landfill liner construction site situated in Ravenhall in the Shire of
Melton, a northwestern suburb of Melbourne Metropolitan.  At the time of collection, the in-situ soil had been
excavated, screened through a 75mm sieve and piled in bulk volume. According to the information gathered, the soil
was in preparation for the liner of a proposed additional cell of the existing landfill.  
Initially, the soil from the site was air-dried at room temperature and thoroughly mixed to get a homogenous
distribution of particles. The air-dried soil was then pulverised without grinding (to avoid changes to grain size and
structure of clay minerals) and sieved through 4 mm sieve.  Only the soil fraction passing 4 mm sieve was used in the
testing program in order to:
(i) achieve a reasonable degree of reproducibility in the future testing and
(ii) avoid any unacceptable larger sizes of particles, which can cause difficulties in the preparation of small
size test specimens (for swell-shrink, triaxial, consolidation etc.).
Table 1:  Some engineering properties of experimental soils used in this study
Soil Soil Grain Size Distribution Consistency Limits Maximum Optimum Free Swell Index (FSI) 
Composition Reference Dry Water
Number Gravel Sand Silt Clay LL PL PI Density Content FSI(water) FSI(leachate)
% % % % % % % tonne/m3 % % %
Soil S1 4 24 9 63 78 41 37 1.31 30 110 61
Soil + 
5% Bentonite S2 4 23 8.5 64.5 90 44 46 1.33 31 223 66
Soil +
10% Bentonite S3 4 18 11 67 103 47 56 1.34 33 409 72
Soil +
15% Bentonite S4 3.5 17 11.5 69 120 48 72 1.36 35 547 79
Soil +
20% Bentonite S5 3.5 14 12 71 141 50 91 1.33 37 609 91
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Different percentages of commercially available Na bentonite were added to the original soil to achieve a range of soil
samples with different percentages of total montmorillonite. These soil samples are given reference numbers as S1, S2,
S3, S4 and S5. Some engineering properties of these experimental soils are given in Table 1.
2.2 LEACHATE
Landfill leachates generally go through three main stages of decomposition (Robinson & Gronow 1993, Cunningham,
1998):
(i) aerobic (composting)
(ii) anaerobic (acid-fermentation , acetogenic) and
(iii) anaerobic (methanogenic – fermentation). 
It is known that leachate composition and its reactiveness changes over time, especially during the first few years.
(Cunningham, 1998). Leachate at stages one and two are considered highly reactive and strong. Therefore, acetogenic
leachate compositions were selected for this study in order to obtain accelerated clay - leachate reactions within a
reasonably short period of test time. 
Most of the landfill leachates are unstable and rapidly degrade unless stored in cold anaerobic conditions (King et al,
1993). Considering the quantity of leachate that would be required for the planned number of tests, the testing period
and also the need for easy reproducibility, it was decided to formulate a synthetic leachate of a known typical
composition, which would stay stable at room temperature.
A typical municipal landfill leachate is generally consists of five major elements,
(i) cations
(ii) anions
(iii) heavy metals
(iv) organic compounds
(v) microbiological components.
The synthetic leachate formulated in this study is comprised of cations, anions and organic compounds of a typical
landfill leachate at its most reactive stage (e.g. Metry & Cross, 1976; Gau & Chow, 1998; Bouazza & Van Impe, 1996;
Didier & Comega, 1997; Robinson & Gronow, 1993; Batchelder et al. 1998).  Microbiological components (chemical
oxygen demand, COD and biological oxygen demand, BOD) were not included due to their instability and quick
degradation potential.  Table 2 shows the composition of the synthetic leachate used in this study. 
Table 2:  Summary of compositions of typical natural leachates and the synthetic leachate used in this study
Parameter Unit Typical Leachate Compositions Synthetic Leachate
Composition used in this study
NH4+ Mg/l 30 – 1040 750
Na+ Mg/l 400 – 2400 1500
Ca2+ Mg/l 54 – 6240 3400
Mg2+ Mg/l 5 – 525 400
K+ Mg/l 20 – 3000 1500
Cl- Mg/l 500 – 6000 4000
SO42- Mg/l 5 – 1800 1500
Carboxylic  Acids Mg/l 1000 – 22000 8000
Alkalinity Mg/l 80 – 26000 9000
Total Phosphorus Mg/l 1-33 -
PH 3.8 – 8.9 5.6
(Note: The typical ranges are based on leachate data from Metry & Cross, 1976; Gau & Chow, 1998; Bouazza & Van
Impe, 1996; Didier & Comega, 1997; Robinson & Gronow, 1993; Batchelder et al. 1998)
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2.3 EXPERIMENTAL PROGRAM
The experimental program for this study consisted of several stages from the selection of a suitable type of clay and a
leachate, setting up of soil-leachate test specimens to conducting of different types of tests. At the first stage, known
quantities of experimental soils were fully immersed in leachate, keeping the ratio of soil mass – leachate volume
constant. Separate test specimens from each soil were set for testing at different time intervals of 7 days, 28 days, 56
days, 132 days, 260 days and 365 days, in order to evaluate the effect of time on the soil – leachate interactions.
Samples were kept under anaerobic conditions (closed) at a controlled laboratory temperature of 22oC. This paper
presents some of the test results completed to-date. 
The clay - leachate interactions were allowed take place at these controlled conditions. At the end of the required
reaction period, the excess liquid (leachate) was drained away and the soil was allowed to dry at constant temperature of
22oC, in order to prepare test specimens for various laboratory tests.
As the initial stage of the experimental program, the following tests were conducted.
(i) Free swell test 
(ii) Grain size distribution (sieve analysis in combination with hydrometer analysis)
(iii) Consistency limits
(iv) Specific gravity. 
Figure 1 illustrates the experimental program.
The Grain size distribution (sieve analysis and hydrometer tests using the standard dispersing agent), Consistency limits
and Specific gravity tests were conducted in accordance with Australian standards (AS 1289.3.1.1-1995, AS 1289.3.2.1-
1995, AS 1289.3.6.2-1995 and AS 1289.3.5.1-1995).
The free swell test proposed by several authors as an easier and quicker approach to evaluate swelling potential of clays
with reasonable degree of accuracy (eg. Hettiaratchi, 1988; Golait & Kishore, 1990; Sridharan et al. (1985), was
conducted using the methods described by Hettiaratchi (1988) and Golait & Kishore (1990). In this test, 10 grams of
fully dried soil passing 425µm sieve is placed in a 100ml graduated cylinder. The initial dry volume of this soil is
measured and the cylinder is filled with the testing liquid, either demineralised water or any other liquid, up to 100ml
mark. The soil-liquid mix inside the cylinder is then allowed to sediment under controlled laboratory conditions.
Readings are taken every 2 hrs at the beginning and generally thereafter every 24 hrs until a reasonable equilibrium
volume is reached.
Tests were triplicated to achieve a reasonable degree of accuracy. As shown in Figure 1, a series of tests were
conducted using de-mineralised water in the laboratory experimental stage (Stage II) while another series of tests were
conducted using leachate in this stage, as suggested by Hettiaratchi (1988). In this study, the use of demineralised water
in the laboratory experimental stage (Stage II) was to study the volume change potential of a clay soil which had
already been under leachate for certain period of time, when later exposed to water. This test series also helps the
interpretation or comparison of these test results with other standard laboratory tests that would mostly be conducted
using demineralised water.  The objective of the series of experiments conducted using leachate in the laboratory testing
stage (Stage II) was to analyse the volume change potential in a more realistic in-situ environment, where landfill clay
liner soils would be mainly exposed to leachate environment. 
The Free Swell Index (FSI%) is a non dimensional parameter which represents the volume change potential of a fully
dried clay soil, when exposed to water or any other liquid environment. FSI is calculated using following equation
proposed by Golait & Kishore (1990).
FSI% = [ (VL – VS )/ VS ]     x  100                                                     (1)
Where, VL =  Volume of soil in the test liquid (either water or any other liquid)
Vs = Volume of fully dried soil.
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Figure 2:  Relationships between clay content and FSI of the original experimental soils
(with no exposure to leachate in Stage I)
However, in the FSI tests, when leachate is used as the test liquid, the montmorillonite clay mineral comes into direct
contact with leachate. Hence, the mono and di valent (Ca2++, Na+) ions in the leachate start reacting with readily
available clay minerals in the experimental soil. These reactions result in collapsing of the double layer structure and
hence diminishing the hydration ability of the montmorillonite clay mineral. This leads to a flocculating situation where
clay particles can stay close to each other forming 'flocs'. These flocs can sediment to much smaller volumes (Lambe &
Whitman 1979; Terzaghi & Peck 1967).  The reduced FSI values reported for original experimental soils for the tests
conducted using leachate as the test liquid, as shown in Figure 2 are due to this flocculation situation resulting due to
immediate interactions between leachate and experimental soils. 
Figure 3 and Figure 4 summarise the effects of leachate on FSI over time. The original properties of experimental soil,
analysed at the beginning of the experimental program and presented in Figure 2, were used as a datum (as zero days in
the time scale) for the purpose of identifying the effect of leachate on these properties over time. It is observed that
there is a significant decrease in FSI for all soils at 7 days and thereafter a gradual increase at different rates of increase
for different soils.
The volume change behaviour of a soil in a given leachate composition could depend on several factors such as the
structure and type of clay minerals in the soil, the composition of leachate and the possible physico-chemical reactions
between these components and the strength and reactiveness of the leachate etc.
The soil samples tested at 7 days, 28 days and 56 days have all been subjected to leachate under anaerobic conditions
where clay-leachate interactions have taken place for certain periods of time at different intensities. For both the test
series, it is observed that the tests done after 7 days give the lowest FSI values while there is a gradual increase in FSI
thereafter. It is apparent from these test results that during the initial clay- leachate reaction period, the diminishing of
double layer structure of montmorillonite clay mineral is quite dominant and active, thus creating a continuous
flocculating situation. The lower FSI values reported at 7 day tests could be mainly due to this ongoing collapse of
double layer structure and possible reduction in swelling potential. 
However, when soil leachate interactions are allowed to continue over time, a gradual increase in FSI is observed, at
different rates of increase for different experimental soils as shown in Figure 3 and Figure 4. In order for FSI to be
increased, it could be argued that the clay content in the soil, especially the montmorillonite clay fraction needs to be
increased. This argument leads to the suggestion that other than the collapse of clay minerals and transformation of
montmorillonite minerals to other less reactive type minerals, leachate could possibly react with other basaltic type
coarser particles (silt, sand and gravel) in the soil thus activating a physico-chemical degradation environment. These
physico-chemical reactions could increase the expansive type clay fraction in the soil by altering the original particle
size distribution. 
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Figure 3:  The effect of leachate on Free Swell Index (FSI) of experimental soils with time 
(demineralised water used in  Stage II)
Figure 4:  The effect of leachate on Free Swell Index (FSI) of experimental soils with time
(leachate used in Stage II)
In order to confirm this argument, a series of grain size distribution tests (sieve analysis in combination with hydrometer
analysis using a standard dispersing agent) were conducted on samples that had been under leachate for same
experimental periods. These test results are presented in Figure 5. These results confirm that there are clear alterations
to the particle size distribution of the experimental soils. The clay contents of the original soils have gradually increased
with the reaction time while the percentages of coarser fractions have decreased. This confirms that the leachate
reactions on coarser particles of the soil have resulted in a physio-chemical degradation environment, which
disintegrates the coarser fraction of the original soil into clay size particles. 
Since the coarser fraction of the original soils is mainly of basaltic origin with varying degrees of weathering, the
resulting physico-chemical degradation due to leachate action could produce fresh montmorillonite clay minerals,
increasing the net amount of montmorillonite clay composition in the soil mix. According to Flintoff, 1992, the
secondary minerals formed during the natural weathering process of basalts also contribute to accelerate the physical
and chemical weathering by varying degrees of intensities. The gradual increase in the FSI test at 28 days and 56 days
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could be due to this increased amount of clay minerals in the soil, due to this physico-chemical degradation of coarser
grains. This observation would be further confirmed by performing X-Ray diffraction tests.
Figure 5:  The effect of leachate on total clay content of experimental soil with time
To further confirm these results, the consistency limits test results were also analysed since this property also has a
direct relationship with clay content. Figure 6 presents the variation of PI (Plasticity Index) with the effect of leachate
over time.  It can be seen that these results are in agreement with the variation of FSI and clay content with time
(Figures 3, 4 and 5). From these results it is apparent that montmorillonite clay minerals are quite susceptible to leachate
interactions over time. 
The findings, for the study period of 60 days, consistently agreed that the most active and dominant clay-leachate
interaction at the initial period (7 days for this study) is collapse of montmorillonite clay minerals and continuing
flocculation. Thereafter, gradually, the process of physico-chemical degradation of coarser fraction has become active
and apparent at different intensities at different time periods. 
However, the increase in FSI in this manner cannot be expected to continue for a designated time period, or at a
predefined rate, since the influencing factors of this weathering environment could change greatly over time. The
additional test results obtained for FSI for 132 days as presented in Figure 7 confirms that rate of change of FSI varies
with time.
According to the results obtained for 132 days, the experimental soil with no additions of bentonite (S1) continues to
show an increase in FSI at a reasonably significant rate, suggesting that the degradation of coarser particles is still active
for this soil composition.  Since this soil has the largest amount of basaltic type coarser fraction readily available and
susceptible for physico- chemical reactions, it can be expected that the degradation process is the dominant reaction for
this soil at this time.  The experimental soil with an addition of 10% bentonite (S3) also shows a marginal increase in
FSI, confirming that the physico-chemical degradation is the more active process.  The slower rate of increase of FSI
could be due to lesser amount of coarser fraction available for leachate reactions and physico-chemical degradation
However, the soil with 20% bentonite addition (S5) shows a slight decrease in the FSI. This observation suggests that
the process of physico-chemical degradation of coarser fraction of this soil has reached a less reactive status, probably
due to unavailability of degradable coarser particles in the soil and a surpassing process that could reduce the swelling
potential of clay minerals has recommenced.  It has been investigated and reported by Manning et al, (1995) and
Batchelder et al, (1998), that the montmorillonite clay mineral undergoes severe structural changes when exposed to
leachate for longer time periods and could transform into other less reactive type clay minerals such as illite or
kaolinite.  Hence it could be assumed that this decrease in FSI for soil S5 could be due to the combined effect of
possible transformation of montmorillonite clay to less reactive type clay minerals and also due to diminishing of
double layer structure of montmorillonite clay minerals. These observations would be further confirmed once the test
results for longer experimental time periods are available.
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Figure 6:  The effect of leachate on Plasticity Index of experimental soils with time
Figure 7:  (reproduction of Figure 3 with additional data points)
The effect of leachate on Free Swell Index (FSI) with time 
(demineralised water used in the testing stage)
4 CONCLUSIONS
This paper has presented some of the results of an ongoing research investigating the effects of landfill leachate on
some engineering properties of a basaltic clay soil, with different percentages of montmorillonite, over a period of time.
The test results suggest that the resulting engineering properties of a clay liner at a given time would greatly depend on
the net montmorillonite clay fraction available in the clay liner, which is in turn dependent on the following significant
clay leachate interaction processes and their dominancy to each other.
(i) The diminishing of double layer structure of montmorillonite clay mineral, reducing the swelling
potential. 
(ii) Transformation of montmorillonite clay to less reactive type clay minerals, thus reducing the amount
of montmorillonite clay fraction in the soil.
(iii) The possible physico-chemical degradation of susceptible coarser fraction thus adding a fresh
montmorillonite clay fraction into the soil.  
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Out of these major clay-leachate interactions, the most reactive clay leachate interaction at a given time could be greatly
dictated by:
(i) the percentage of montmorillonite clay in the original soil
(ii) the percentage of coarse particle fraction of basaltic origin, in the original soil
(iii) Genesis and weathering status of the coarse particles and the secondary minerals present
(iv) Composition, strength and reactiveness of the leachate, 
apart from other obvious and widely reported factors such as pH and temperature.
Test results show that for the experimental soil and leachate used in this study, these clay leachate interactions could
significantly influence the soil properties such as shrink-swell characteristics, particle size distribution, consistency
properties and percentage and type of clay minerals of the original experimental soil. These influences on soil properties
could eventually affect the satisfactory performance of a clay liner over time. Additional work is being carried out to
further investigate these findings.
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